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Abstract 
Jarosite [KFe3(SO4)2(OH)6] is a mineral that is common in acidic, sulphate-rich environments, such 
as acid sulphate soils derived from pyrite-bearing sediments, weathering zones of sulphide ore 
deposits and acid mine or acid rock drainage (ARD/AMD) sites. The structure of jarosite is based 
on linear tetrahedral-octahedral-tetrahedral (T-O-T) sheets, made up from slightly distorted FeO6 
octahedra and SO4 tetrahedra. Batch dissolution experiments carried out on synthetic jarosite at pH 
2, to mimic environments affected by ARD/AMD, and at pH 8, to simulate ARD/AMD 
environments recently remediated with slaked lime (Ca(OH)2), suggest first order dissolution 
kinetics. Both dissolution reactions are incongruent as revealed by non-ideal dissolution of the 
parent solids and, in the case of the pH 8 dissolution, because of a secondary goethite precipitate on 
the surface of the dissolving jarosite grains. The pH 2 dissolution yields only aqueous K, Fe and 
SO4. Aqueous, residual solid and computational modelling of the jarosite structure and surfaces 
using the GULP and MARVIN codes, respectively, show for the first time that there is selective 
dissolution of the A- and T-sites, which contain K and SO4, respectively, relative to Fe, which is 
located deep within the T-O-T jarosite structure. These results have implications for the chemistry 
of ARD/AMD waters, and for understanding reaction pathways of ARD/AMD mineral dissolution. 
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1. INTRODUCTION 
Jarosite [KFe3(SO4)2(OH)6] occurs commonly in the oxidised portions of sulphide ore deposits 
(Dutrizac and Jambor, 2000), fluvial environments contaminated by acid rock or acid mine drainage 
(ARD, AMD) (Hudson-Edwards et al., 1999), wastes produced from the metallurgical extractive 
industry (Arregui et al., 1979; Dutrizac and Jambor, 2000), acid sulphate soils (Schwertmann, 1961; 
Dudas, 1984; Hyashi, 1994) and clay seams and beds (Alpers et al., 1992; Dutrizac and Jambor, 
2000). Jarosite is of considerable geological, environmental and metallurgical interest because it 
sorbs and co-precipitates considerable amounts of potentially toxic elements such as As and Pb 
(Dutrizac, 1983; Bigham and Nordstrom, 2000). 
Jarosite is a member of the isostructural jarosite-alunite group of minerals that has a general 
formula of AB3(TO4)2(OH)6, where A represents cations with a coordination number ≥ 9, and B and 
T represent cation sites with octahedral (O) and tetrahedral (T) coordination, respectively (Jambor, 
1999; Hawthorne et al., 2000). In ideal jarosite [KFe3(SO4)2(OH)6], the B site cation is Fe(III), the 
A site is occupied by a cation (mainly K+, but also H3O+, hydronium; Brophy and Sheridan, 1965; 
Kubisz, 1970; Dutrizac and Kaiman, 1976; Ripmeester et al., 1986) in 12-fold coordination, and the 
T site is filled by sulphate (SO42-) (Kubisz, 1964; Brophy and Sheridan, 1965). The jarosite 
structure contains Fe vacancies, and ‘additional water’ in the form of hydronium (Kubisz, 1970; 
Härtig et al., 1984; Ripmeester et al., 1986; Alpers et al., 1989), and the chemical formula is 
therefore more correctly written as H3O1-x KxFe3-y [(OH)6-3y (H2O)3y (SO4)2]. 
  Jarosite typically forms in ferric-rich, acidic (pH < 3), oxic environments, and readily 
breaks down when removed from its stability region by presumably converting to iron(III) oxide or 
oxyhydroxide phases (Stoffregen and Rye, 1992; Stoffregen et al., 2000). It has been proposed that 
jarosite converts to goethite through the following reaction: 
+−+ +++↔ )(
2
)(4)()()(6243 32)(3)()( aqaqaqGoethites HSOKOHFeOOHSOKFe  (1) 
but the mechanisms of this reaction, and the specific products formed, have not been studied in 
detail. This knowledge is critical in modelling and predicting geochemical reactions in metallurgical 
 4
and, particularly, natural AMD/ARD environments. Furthermore, elucidating the fate of K, SO42- 
and Fe during jarosite dissolution will aid the development of robust models that describe the 
geochemical cycling of these elements in AMD/ARD systems. However, much of the work on 
jarosite dissolution has been conducted at temperatures of 40 to 400ºC (e.g., Dutrizac and Jambor, 
2000), even though AMD/ARD environments are much lower temperature (generally < 25ºC). 
Some dissolution studies at ≤25ºC have been carried out, but these have not characterised the 
reaction product solids in detail (e.g., Baron and Palmer, 1996; Gasharova et al., 2005). Therefore, 
the objectives of this study were to: (1) monitor the breakdown and release of constituent elements 
(K, Fe, SO4) from synthetic jarosite using dissolution batch experiments and, (2) characterise new 
phase(s) formed as a result of jarosite dissolution. Because jarosite dissolution is ultimately related 
to its structure, a third objective was to computationally model the jarosite structure as a means to 
provide atomic level insights into dissolution mechanisms.  
 
2. METHODS AND MATERIALS 
 2.1. Experimental Studies 
 2.1.1. Synthesis of Jarosite 
Jarosite was synthesised following the method of Baron and Palmer (1996). Briefly, a 100 mL 
solution of 1.0 M KOH (BDH, Aristar grade) and 0.351 M Fe2(SO4)3·5H2O (Aldrich) was heated to 
95oC with constant stirring at 400 rpm in a covered 400 mL beaker at 1 atm. After 4 h reaction, the 
precipitate was allowed to settle and the supernatant solution decanted. The precipitate was then 
washed several times with ultrapure water (18 MΩ cm-1) then dried at 110oC for 24 h. 
 
 2.1.2. Characterisation of Synthetic Jarosite 
The precipitation products were identified as jarosite using powder X-ray diffraction (XRD) 
analysis with a Philips PW1050 vertical powder diffractometer utilising Co Kα radiation at 35 kV 
and 30 mA at 25°C. Unit cell parameters were calculated through Rietveld refinement. Refinement 
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of the lattice parameters was carried out using GSAS (Larson and Von Dreele, 1998) and the 
‘model free’ Le Bail Method (Le Bail et al., 1988) where individual ‘⏐Fobs⏐’ are obtained by 
Rietveld decomposition from arbitrarily identical values. In addition to the structure factors, free 
refinement was made of the lattice parameters constrained according to the rhombohedral symmetry 
of the space group in the centred hexagonal setting, background, profile parameters, and the 
instrumental zero-point. In all cases, a pseudo-voigt profile was used (Larson and Von Dreele, 
1998). 
For quantitative total elemental analysis, approximately 60 mg of synthetic jarosite was 
dissolved in a polypropylene beaker by adding concentrated HCl dropwise until no solid remained. 
The solutions were then diluted to 50 mL with 2% HNO3 and analysed for K, Fe and S by 
inductively coupled plasma optical emission spectrometry (ICP-OES) on a Varian Vista-Pro (axial 
configuration) using a simultaneous solid-state detector (CCD). All analytical ICP-OES results were 
within one standard deviation of the mean. 
Fourier transform infrared spectroscopy (FTIR) was used to characterize the vibrational 
modes within the synthetic jarosite. Spectra were collected with a PerkinElmer Spectrum One FTIR 
Spectrometer using the KBr pellet (Ø13 mm) technique (McMillan and Hofmeister, 1988). The 
spectra (400 – 4000 cm-1) were recorded in transmission mode immediately after pellet preparation. 
Five scans were accumulated, each with a resolution of 4 cm-1. 
Particle morphology of the jarosite was determined using a Philips XL30 FEG scanning 
electron microscope (SEM) operating at 5.0 kV and with a spot size of 3.0 µm. Surface area was 
determined by nitrogen multipoint BET analysis with a Micromeritics Gemini III 2375 surface area 
analyser.  
 
2.1.3. Dissolution Experiments 
Both acidic dissolution batch experiments, which mimic environments affected by ARD/AMD, and 
alkaline dissolution batch experiments, which mimic ARD/AMD environments recently remediated 
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with slaked lime (Ca(OH)2), were carried out following the procedure of Baron and Palmer (1996). 
Briefly, for both sets of experiments, 100 mg of oven-dry synthetic jarosite were added to 500 mL 
of ultrapure water (18 MΩ cm-1). For the acid dissolution, the initial pH was set to 2.0 by the 
dropwise addition, while stirring, of concentrated HClO4 the alkali dissolution, the initial pH was 
adjusted to 8.0 in a similar fashion, with the addition of 0.01 M Ca(OH)2 (BDH, AnalaR grade). 
Both the acid and alkaline dissolutions, conducted in triplicate at 20oC and 1 atm, were unbuffered, 
thus allowing free drift of pH. All pH measurements were obtained with an Accument AP50 meter 
equipped with a Russel Emerald pH electrode. The jarosite suspensions were transferred to 750 mL 
acid washed Amber HDPE bottles, then agitated gently with a Stuart SRT2 Roller Mixer operating 
at a fixed speed of 33 rpm.  
 Ten mL aliquots of each suspension were obtained periodically by pipette while an 
overhead stirrer (~ 50 rpm) maintained a uniform suspension. All aliquots were filtered through 
0.025 μm MF Millipore filters. A 4.5 mL sub-sample of the filtered suspension was then acidified 
to yield a 1% v/v HNO3 matrix, which was subsequently analysed for Fetot, Ktot and Stot. All S was 
assumed to be present as SO42-. The pH of each bulk solution was measured during each sampling 
episode. At the end of each dissolution experiment, the residual jarosite and any associated solid 
was recovered by filtration through a 0.22 μm MF Millipore filter, allowed to air dry at 20oC in a 
desiccator, then stored in an air-tight plastic vial. 
The pH and concentrations of Ktot, Fetot, and SO4tot at steady state were used to calculate 
equilibrium aqueous activities of K+, Fe3+, and SO42- with The Geochemist’s Workbench (GWB) 
version 4.0.2 (Bethke, 1996). Activity coefficients and saturation indices were calculated using the 
extended form of the Debye-Hückel equation described by Helgeson (1969) and the latest form of 
the GWB thermodynamic database (based on the 1996 revision of the EQ3/6 database; Wolery, 
1979, 1996 and data from Baron and Palmer, 1996). Eh versus pH diagrams were constructed in 
GWB using the measured equilibrium activities from bottle 2 of the acid dissolution experiments, 
and bottle 1 of the alkali dissolution experiments. 
 7
The residual solids were identified by powder XRD analysis at 25°C using a Siemens D500 
diffractometer operating at 40 kV and 40 mA and equipped with a scintillation counter. Cu Kα 
radiation (λ = 1.54056 Å) was selected with a secondary graphite monochromator. The residual 
solids were characterised further using quantitative wet chemical analysis, SEM and FTIR, as 
previously described for the synthetic jarosite. 
 
2.2. Computational Modelling 
Classical atomistic simulation methods, based on the Born model, use interatomic potential 
functions to describe the forces acting between atoms or ions in a solid. In ionic materials, these 
forces are dominated by long range Coulombic or electrostatic interactions, but also include 
contributions from short-range repulsive interactions due to overlap of nearest neighbour electron 




Buck = Aij exp− rij ρij( )− Cijrij−6        (2)
  
where Aij and ρij describe the repulsion between two ions i and j at a separation r, and Cij is included 
to model dispersion. For bonded interactions such as those within molecules, we use a Morse 
potential of the form: 
 
( )( ) DeDU rrMorseij ij −−= −− 201 α ,       (3) 
 
where D corresponds to the dissociation energy of the bond, r0 is the equilibrium bond length and α  
is related to the vibrational frequency of the stretching mode. To model the directionality of O-S-O 




1),( θθ −= ijkjkij krrU       (4) 
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where kijk is the bond-bending force constant between the ions i, j and k and θ0 is the reference 
tetrahedral angle. 
The variable potential parameters are derived by fitting to experimental data such as 
structure, elastic constants and vibrational spectra. Simulations are then carried out using standard 
energy minimization schemes in which the energy of the system is calculated with respect to all 
atomic coordinates and thus the equilibrium positions of the ions are evaluated by minimising the 
lattice energy until all forces acting on the crystal are removed.  
The variable parameters for the Buckingham interactions used in this study were initially 
taken from standard potential models (Woodley et al., 1999) developed for the component oxides, 
and combined with Morse potentials for the sulphate (Allan et al., 1993) and the hydroxyl ions 
(Saul et al., 1985). Although the structure obtained in this way was acceptable, the Buckingham 
terms used to link the different parameters were modified so as to better reproduce the experimental 
data. The GULP code (Gale, 1997) was used to perform a least squares fit to the structure of jarosite 
as measured by Menchetti and Sabelli (1976), and the full set of parameters used is presented in 
Table 1. 
To simulate the structure of surfaces, the crystal is treated as planes of atoms that are 
periodic in two dimensions. Surfaces are modelled by considering a simulation block that is divided 
into two regions. The first region, R1, is composed of those atoms that are adjacent to the surface, 
while those below, in R2, represent the bulk crystal. All atoms in region R1 are allowed to relax to 
their minimum energy configurations, while those in R2 are kept fixed at their bulk equilibrium 
positions. All bulk calculations reported in this study were performed with GULP1.3 (Gale, 1997), 





3.1. Characterisation of Synthetic Jarosite 
The combination of KOH and Fe2(SO4)3 produced a yellow precipitate of Munsell colour 10YR 8/7. 
The precipitate was identified as endmember potassium jarosite by comparing its powder X-ray 
diffraction pattern with that reported in the International Centre for Diffraction Data Powder 
Diffraction Files (ICDD PDF 22-0827). All the peaks produced by the precipitate related to the 
structure of jarosite; the absence of extraneous peaks indicated that no other phases were present at 
detectable levels (Fig. 1a). The calculated lattice parameters of the synthetic jarosite are a0 = 
7.3137(6) and c0 = 17.0730(5), in contrast to the standard ICDD PDF file values (a0 = 7.29; c0 = 
17.13). 
Atomic percentages of the A-, B- and T-site elements were determined using the wet 
chemical data. The molecular composition of the synthetic jarosite, calculated using the modified 
formula of Kubisz (1970), is (H3O)0.16K0.84Fe2.46(SO4)2(OH)4.38(H2O)1.62, which is comparable to 
other studies (e.g., Baron and Palmer, 1996), except for the low Fe occupation at the B-site [i.e., 
2.46 in this study, compared to an ideal of 3.00]. The large number of Fe vacancies can explain the 
lower than expected c-axis value for the synthetic jarosite, and supports the hypothesis of structural 
defects in the A- and B-sites proposed by Kubisz (1970).  
The FTIR spectra for the synthetic jarosite (Fig. 2a) are similar to those previously reported 
(Powers et al., 1975; Serna et al., 1986; Baron and Palmer, 1996; Sasaki et al., 1998; Drouet and 
Navrotsky, 2003). The intense absorption observed in the region 2900 to 3700 cm-1 can be 
attributed to O-H stretching (vOH). Three hydroxyl groups surround each of the sulphate oxygen 
atoms, which are located on trigonal axes, parallel to the c-axis of the unit cell (Hendricks, 1937). 
Hendricks (1937) suggested that the hydrogen atoms were orientated in such a way as to bind to 
these oxygen atoms, thus forming OH-OSO3 hydrogen bonds. Drouet and Navrotsky (2003) found 
that there was a direct correlation between lower O-H stretching frequencies and decreases in the c-
axis parameter across the K-Na jarosite solid solution, where the a-axis parameter remained nearly 
constant. A-site cations are thought to have little influence on ao and are theoretically responsible 
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for the main variations in co (Jambor and Dutrizac, 1983). It is possible to distinguish two 
vibrational modes around the hydrogen atom: O-H and H-OSO3. The band observed at 1634 to 
1641 cm-1 (Fig. 2a) is attributed to HOH deformation, in agreement with the results of others 
(Powers et al., 1975; Baron and Palmer, 1996; Drouet and Navrotsky, 2003). The HOH deformation 
mode is directly related to the ‘additional’ water groups formed from the protonation of the 
hydroxyl groups. 
The jarosite shows irregular and globular form (Fig. 3), with various grain sizes, although 
the majority are 1 to 5 μm, and the smallest 0.1 μm. Some of the grains show cleaved sides that 
may be signs of mechanical abrasion arising from stirring during the synthesis. Similar particle 
morphologies for synthetic jarosite are reported elsewhere (Bigham, 1994; Baron and Palmer, 1996; 
Dutrizac and Jambor, 2000; Sasaki and Konno, 2000). The surface area of the synthetic jarosite is 
1.4 m2g-1, considerably lower than the 4.0 m2g-1 obtained by Sasaki and Konno (2000). However, 
these authors synthesised the jarosite using a procedure that differs from ours. 
 
 3.2. Dissolution Experiments 
 3.2.1. Dissolution at pH 2 
 3.2.1.1. Solution Chemistry 
Most of the dissolution at pH 2 occurred within the first 500 h, with rates declining rapidly with 
time and steady-state conditions achieved at approximately 3000 h, which is comparable to other 
studies (Fig. 4a; Table 2). The final K concentration was between 0.2088 and 0.2044 mmol L-1 
(Table 2), and the pH remained nearly constant over the duration of the experiment (pHinitial = 2.0; 
pHfinal = 2.02 – 2.03). Molar ratios of K+, Fe3+ and SO42- in solution were calculated with respect to 
SO42-, which is assigned a value of 2, a convention frequently used in calculating the molecular 
composition of jarosite (Baron and Palmer, 1996). The K molar ratio in solution varied from 1.24 – 
1.25 and the Fe ratio varied from 2.34 – 2.36. 
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Calculated equilibrium aqueous activities and saturation indices (calculated for steady-state 
conditions and using the Ksp from Baron and Palmer, 1996, which is incorporated in the 
Geochemist’s Workbench database) for the dissolution at pH 2 are compiled in Tables 3 and 4, 
respectively. The charge balance error among the three replicates ranged from 3-6% (Table 3). 
Saturation indices for hematite and goethite were positive, while that for jarosite was negative 
(Table 4). 
 
 3.2.1.2. Residual Solids 
Total element concentrations, and their molar ratios, in residual solids from each of the three 
replicates are summarised in Table 5. Once again SO42- is assigned, by convention, a molar ratio of 
2. The K molar ratio in the residual solids varied from 0.669 – 0.673 while that for the Fe ranged 
from 2.652 – 2.692. 
The XRD patterns and FTIR spectra for the acidic dissolution solids were both similar to 
those for the unaltered synthetic jarosite (compare Figures 1a, b and Figures 2a, b) , with no extra 
peaks (XRD) or bands (FTIR) relating to additional phases present. The residual solid was lighter 
and more uniform in colour than the original synthetic jarosite, with the former possessing a 
yellower hue and a higher chroma (Munsell colour 2.5Y 8/8). The majority of the post-dissolution 
jarosite grains have a degree of surface roughness and show extensive and deep pitting (Fig. 5). 
Neither micrograph in Figure 5 shows any evidence of a new phase, consistent with the XRD and 
FTIR data. 
 
3.2.2. Dissolution at pH 8 
3.2.2.1. Solution Composition 
In the alkali dissolution experiment the majority of the dissolution occurred within the first 1500 h, 
with rates declining with time (Fig. 4b). The pH decreased from an initial value of 8.0 to a value of 
3.26-3.30 at the termination of the reaction. The dissolved Fe concentration remained near detection 
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limit throughout the experiment in all three replicates; at the end of the reaction the dissolved Fe 
varied from 0.0023 – 0.0025 mmol L-1. Steady-state was judged to have occurred after 
approximately 3500 – 4000 h, based on the solution profiles for replicates 2 and 3. The final total 
concentrations of K, Fe, and SO4 at steady state, and their corresponding molar ratios, are presented 
in Table 2. Molar ratios of K+ and Fe3+ in solution were once again calculated assuming that SO42- 
has a stoichiometric value of 2. The K molar ratio in solution varied from 1.24 – 1.26 and the Fe 
ratio from 0.0136 – 0.0149. 
Equilibrium aqueous activities for the jarosite dissolution are presented in Table 3. The 
charge balance error among the three replicates ranged from 7-8%. Considering only those minerals 
with log Q/K greater than -3, positive saturation indices were found for hematite and goethite, 
whilst those for jarosite and Fe(OH)3 were negative (Table 4). 
 
 3.2.2.2. Residual Solids 
 Concentrations and molar ratios of K, Fe and SO42- in the solids remaining after dissolution at pH 8 
are summarised in Table 5. The K molar ratio in the residual solids varied from 0.672 – 0.681, and 
the Fe ratio from 4.799 – 4.853. XRD analyses show that the principal constituent is jarosite (Fig. 
1a, c). An additional broad peak at approximately 21o 2-theta is attributed to goethite (ICDD PDF 
03-0249), its width suggesting this phase possesses both poor crystallinity and small particle size.  
An FTIR spectrum of the solids recovered following the alkali dissolution experiments is 
shown in Figure 2c. Although this spectrum is broadly similar to that of the unaltered jarosite (Fig. 
2a), two additional bands at 888 and 796 cm-1 are present. These bands are positively identified as 
O-Fe vibrations arising from the crystal structure of goethite [α-FeO(OH)]. For comparison, Figure 
2d shows an FTIR spectrum of synthetic goethite, which yields these distinctive O-Fe vibrations at 
891 and 795 cm-1. 
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The residual solid has a Munsell colour of 7.5YR 5.5/8, indicating a redder hue as compared 
to the original synthetic jarosite. Bigham (1994) reported that goethite found in ARD ochres 
possesses hues varying from 7.5YR – 10YR.  
Figure 6 shows particle morphology of the residual solid following the pH 8 dissolution. A 
dominant feature of the residuum is the ‘frost-like’ coatings on the grain surfaces. The grains also 
show varying degrees of pitting, but generally to a much lesser extent than that seen in the acid 
dissolution (Fig. 5). At higher magnification (Fig. 6b), one can see the needle or rod-like 
morphology of a secondary phase coating the smooth globular surfaces. The needle shaped 
crystallites vary in size, from approximately 10 to 100 nm (Fig. 6). The external morphology of this 
secondary phase is similar to the short rod-like form of goethite described previously (Bigham, 
1994). Precipitation of goethite as a result of the dissolution of jarosite has also been suggested by 
Gasharova et al. (2005) in a recent AFM study.  
 
3.3. Computational Modelling of the Jarosite Structure 
3.3.1 Bulk structure 
The structure of jarosite is based on linear tetrahedral-octahedral-tetrahedral (T-O-T) sheets, made 
up from slightly distorted BO6 octahedrons and TO4 tetrahedrons. Each octahedron has four 
bridging hydroxyl groups in a plane, and sulphate oxygen atoms at the apices. Three of the 
tetrahedral oxygen atoms are coordinated to metals ions (B), and the symmetry of the TO42- 
tetrahedra is reduced from Td to C3v. The metal ions are joined by these TO42- tetrahedra and by the 
network of di-hydroxyl bridges to form sheets separated by the uncoordinated sulphate oxygen 
atom and the alkali A-site cations (Jambor, 1999; Becker and Gasharova, 2001). The key 
relationships in the jarosite structure are illustrated in Figure 7. There are three crystallographically 
distinct oxygen sites (Fig. 7b), where O1 and O2 are part of the SO42- group, and O3 is a hydroxyl 
oxygen. Within our model, O1 and O2 are equivalent and have a charge of –0.84, while O3 has a 
charge of –1.426.  
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The simulated structural parameters of jarosite are given in Table 6, along with the 
experimentally determined values for comparison. The computationally modelled crystallographic 
axes are within 2% of those determined experimentally (Menchetti and Sabelli, 1976) and maintain 
the correct a/c ratio. All bond lengths and angles are also in good agreement. Ideally, we would like 
to compare measured physical data such as elastic constants with those calculated by our model, but 
no other experimental data are available against which the model could be tested. 
 
3.3.2 Surface structure 
Experimental SEM and AFM morphology studies of synthetic jarosite show that the crystals are 
predominantly terminated by the most stable {012} faces (Becker and Garashova, 2001; Gasharova 
et al., 2005). Triangular (001) faces are seen, but most disappear in favour of the {012} faces in 
larger crystals (Becker and Gasharova, 2001). The (001) surfaces, when cleaved, lead to the 
formation of a surface which is charged and therefore the simulation block will have a net dipole. In 
the notation of Tasker (Tasker, 1979) this is a type III surface. For such a surface, the magnitude of 
the dipole, and hence the calculated surface energy, will depend on the depth of the simulation 
block. In nature, this type of surface will neutralise the dipole by reconstruction of the ions in the 
surface layer, by hydroxylation or by some other interaction with ions around it. The {012} surface, 
however, can be cleaved in such a way as to produce two different, but non-charged surfaces. The 
investigation of the jarosite surfaces was therefore limited to these two terminations in the {012} 
planes. 
The two surfaces, which are designated S1 and S2, were created using the MARVIN code 
and modelled under simulated vacuum conditions at absolute zero. Region I and region II were 10 
and 26 Å thick, respectively. S1 comprises neutral sub-layers of composition [KFe(OH)4]0 as 
illustrated in Figure 8a, which shows the atomic arrangement and the accessible surface contour. 
The accessible surface is that which would be obtained by running a probe of 1Å radius across the 
surface. On relaxation, the undercoordinated Fe3+ octahedron rotates and distorts, causing half of 
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the OH groups adjacent to the surface to rotate such that they move above the plane of the surface. 
The other surface OH groups also move, though to a much lesser degree. The Fe3+ ions sink down 
into the bulk while the K+ ions move upwards. There is also a slight distortion and rotation of the 
SO4 groups as they move down into the bulk. The net effect of these relaxations is to open up the 
surface (Fig. 8b), facilitating the removal of K+ and to a lesser extent, SO42-, during dissolution. The 
accessible surface area of the simulation cell increases from 205 Å2 to 254 Å2 on relaxation. S2, 
which comprises neutral sub-layers with compositions [Fe2(SO4)2(OH)2]0, behaves quite differently, 
and only experiences minimal relaxation as shown in Figure 9. There is a slight rotation of the SO4 
tetrahedra inwards towards the bulk, which has the effect of closing off the surface, reducing its 
accessible area slightly from 191 Å2 to 187 Å2. The relative stability of the two surfaces can be 
determined by comparing their surface energies, defined as the work done to cleave the surface 
from the bulk crystal. For our two surfaces, the initial unrelaxed energies are the same (1.67 Jm-2) 
while the relaxed energies are 0.89 and 1.19 Jm-2 for surface 1 and 2, respectively. These energies 
are for a crystal cleaved under vacuum and may well change for a simulation carried in the presence 
of a solvent. 
 
4. DISCUSSION 
4.1. Dissolution at pH 2 and pH 8 
The K, Fe, and SO4 concentration profiles for both the pH 2 and 8 experiments (Fig. 4) display 
characteristics of parabolic rate kinetics: a rapid initial release of constituent ions to solution, 
followed by an ever-decreasing rate of dissolution. Where the solution concentration for each 
constituent ion was constant, the dissolution reaction had reached quasi-steady state. The profiles 
also suggest that a transport-controlled dissolution model (cf., Stumm and Morgan, 1996) governed 
these particular dissolution experiments, although this cannot be proved without further 
investigations into the effects of temperature, stirring rate and the secondary goethite phase in the 
pH 8 experiments.  
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A comparison of the K, Fe and SO4 molar ratios for the aqueous solution and residual solid 
following dissolution at pH 2, with those of the calculated formula of the synthetic jarosite, reveals 
some interesting relationships. The molar ratios of aqueous K and SO4 (i.e., 1.24-1.25 and 2, Table 
2) indicate that there is excess dissolved K relative to SO4, when compared with the calculated 
K:SO4 ratio of 0.84:2 for the original jarosite (this difference, and the others discussed below are 
significant at α=0.005). There is a deficiency of K in the solid relative to SO4 (i.e., 0.669-0.673:2; 
Table 5). Similar deviation from ideality is observed for Fe and SO4, though in this case Fe is 
deficient in solution relative to SO4, as shown by the aqueous Fe:SO4 molar ratio of 2.34-2.36:2 
(Table 2) (compare with the ideal Fe:SO4 molar ratio of 2.46:2 in the original jarosite). The residual 
solid molar ratio data are consistent with the observed Fe deficiency in solution, as indicated by a 
higher than ideal Fe:SO4 ratio in the residual solid of (i.e., 2.652-2.676:2 versus 2.46:2; Table 5). 
These data provide empirical evidence consistent with our model predictions described previously 
in this paper. Specifically, distortion of the jarosite surface as illustrated in Figure 8 facilitates 
preferential dissolution of K and, to a lesser extent, SO4, while Fe, which is sterically remote, 
remains the least labile of the ions. Such close agreement between experiment and model 
predictions of K, Fe and SO4 release from jarosite, to our knowledge the first reported in the 
literature, serves to validate our model and lends support to the use of atomistic simulation methods 
more broadly for the prediction of jarosite dissolution in aqueous environments.  
 All three ions, K+, Fe3+ and SO42-, show varying degrees of incongruency with respect to 
their concentrations in solution at steady state. For this reason, the dissolution of jarosite at pH 2 is 
incongruent, with the reaction as follows: 
−+++ ++→+ 2 )aq(4zSOyFexKH(OH))(SOKFe
3
(aq)(aq)(aq)6(s)243   (5) 
 
 Dissolution at pH 8 is also incongruent, as shown by the non-ideal dissolution of the parent ions K 
and SO4 (Tables 2, 5) and the formation of an Fe-rich secondary phase (i.e., goethite) (Figures 1, 2). 
The reaction for this dissolution is: 
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−+− ++→+ 2 )(4)()()()(6243 )()()( aqaqsaqs zSOyKOHxFeOOHOHSOKFe   (6) 
 
The calculation of the IAP for the dissolution of a mineral is important, because at 
equilibrium, the IAP is equal to the solubility product, KSP. If the dissolution of jarosite is re-written 





)()()()(6243 6236)()( laqaqaqaqs OHSOFeKHOHSOKFe +++→+





3 ++++= −++  (8) 
Calculation of IAP values and solubility products requires that equilibrium be reached. This can be 
facilitated through the use of excess solid, as in our study, to ensure that sufficient jarosite remains 
at equilibrium. Incongruent dissolution and the precipitation of secondary solids, while not 
precluding the calculation of IAP and KSP, complicate their derivation considerably. This study has 
shown that both the acidic and alkaline dissolution of jarosite are incongruent. We urge caution, 
therefore, when using published IAP and KSP values for modelling jarosite dissolution. The 
incongruency of the dissolution also calls into question the positions for the contours of stability 
relations in an log a2H+aSO42- versus log a2K+aSO42- diagram determined by Stoffregen (1993) for 
jarosite, hematite and Fe(SO4)(OH). The contours were based on an assumption that a version of the 
reaction shown in Equation (5), above, described congruent dissolution.  
Speciation modelling and calculated saturation indices predict the stability of hematite and 
goethite in the experimental system (Table 4). Hematite is commonly reported as a positive 
saturation index in nearly all aqueous, Fe3+-rich oxic environments by programs like GWB, 
reflecting its stability and widespread occurrence in many natural environments. The slight positive 
index for goethite (1.55-1.58) indicates that, over a long period, goethite may precipitate during the 
pH 2 dissolution of jarosite. The saturation index for goethite in the pH 8 experiment is higher than 
that for the pH 2 experiment, and is corroborated by the formation of this mineral as a product of 
the pH 8 dissolution. Figures 10a and 10c show Eh-pH stability fields in which all possible minerals 
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were considered. For both dissolution experiments, hematite is the dominant solid, although its field 
is larger in the pH 2 dissolution. When hematite and a series of other minerals (FeO, magnetite, 
pyrrhotite, and troilite) are removed from the model, an Eh-pH diagram that is more representative 
of the experimental conditions is produced (Fig. 10b, d). In the pH 2 diagram (Fig. 10b), jarosite is 
a stable phase between pH 0.5 and 5, as predicted by Baron and Palmer (1996), and the other stable 
phase is Fe(OH)3. In the pH 8 diagram, by contrast, goethite is the most stable phase, and jarosite is 
unstable (Fig. 10d). 
 
4.2. Environmental Implications  
Both the experimental data and computational modelling show that the dissolution of jarosite is 
incongruent. Selective dissolution of the A- and T-sites, which contain K and SO4, respectively, 
results in higher concentrations of these ions in solution relative to Fe, which is located deep within 
the T-O-T structure in the original solid. Becker and Gasharova (2001) have reported similar 
selective dissolution of K and SO4 on a jarosite surface. This incongruency may explain the high 
aqueous concentrations of SO4 and, to a lesser extent, K, in many AMD/ARD systems (e.g., 
Hudson-Edwards et al., 1999). In these systems, although some of the K and SO4 released could be 
sorbed onto phases such as illite, or precipitated as gypsum or other soluble sulphate salts, a 
considerable proportion could remain in solution if the reactions are not favourable. Our data 
suggest that these K or SO4 do not resorb onto secondary phases such as goethite (Table 2). 
Therefore, sulphate arising from jarosite dissolution may contribute to unacceptably high levels of 
this anion, which, in many AMD/ARD environments, exceed the international limit of 250 mg/L for 
SO4 in potable water (WHO, 1996; 1998). 
 This study has shown that goethite forms as a secondary phase when jarosite dissolves in 
alkaline environments, a phenomenon that has been predicted previously (e.g., Stoffregen and Rye, 
1992; Nordstrom and Munoz, 1994; Dutrizac and Jambor, 2000; Stoffregen et al., 2000), and 
observed in the field (e.g., Bigham, 1994). Although we found no evidence for the formation of 
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metastable schwertmannite or ferrihydrite during the dissolution, as observed by others (e.g., 
Bigham and Nordstrom, 2000), we sampled the residual solid only after several hundred hours had 
passed, and thus may have characterised only the stable end-product. The goethite that we 
characterised may comprise the original, or slightly re-arranged, FeO6 octahedra that remain after 
the preferential dissolution of the K and SO4 ions. The low but detectable amounts of aqueous Fe in 
the dissolution experiments (Table 2) suggest that the goethite may instead have formed by 
precipitation of aqueous species. The extremely low solubility of Fe3+(aq) in oxic environments (< 
10-18 M at pH 6; Schwertmann, 1991) will favour such precipitation (Fig. 10d). More precisely, the 
Fe ions may be involved in a dynamic dissolution – precipitation cycle (viz., Putnis, 2002), in which 
they are hydroxylated, move away from the surface, react with other Fe – O – OH complexes (that 
are exposed because of the loss of SO4 and K ions) then reprecipitate as goethite.  
In the acidic dissolution experiments, approximately 25-30% of the original solid dissolved, 
while in the alkali dissolutions only 15-20% of the original solid dissolved. The reduced dissolution 
under alkali conditions can be attributed to the precipitation on the jarosite surface of secondary 
phases that evidently acted as partial inhibitors of dissolution. All of the dissolution reactions were 
of a batch reactor design and, more importantly, were closed systems. The natural environment, 
however, is an open system, in which pH, temperature and solution composition can change quickly 
and markedly. The results of our study could be verified and refined by repeating the experiments 
using a flow-through reactor system that more closely approximates natural ARD/AMD 
environments. As indicated by Dutrizac and Jambor (2000), it is likely that precipitation of the 
aqueous Fe3+ will displace the jarosite dissolution equilibrium and cause more jarosite to dissolve, 
resulting in the conversion of all jarosite to goethite. 
 
Conclusions 
The dissolution of jarosite at both pH 2 and 8 is incongruent, with selective dissolution of K and 
SO4 compared to Fe. We have shown for the first time that this incongruency is related to the high 
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stability of the FeO6 octahedra, with Fe located deep within the T-O-T jarosite structure, and the 
lower stability of the [KFe(OH)4]0 {012} surface relative to the [Fe2(SO4)2(OH)2]0 {012} surface. 
While the pH 2 dissolution yields only aqueous products, the pH 8 experiments result in formation 
of nanoparticles of secondary goethite on the jarosite grain surfaces, which do not resorb either K or 
SO4. These surface coatings are probably responsible for inhibiting subsequent jarosite dissolution. 
All of these results help to explain the cycling of SO4 and, to a lesser extent, K in ARD/AMD 
waters, and confirm the importance of goethite in these environments. 
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Figure 1. Powder X-ray diffraction patterns of (a) the original synthetic jarosite, (b) residual solids 
from the acidic (pH 2) dissolution, and (c) residual solids from the alkaline (pH 8) dissolution. 
Samples were mounted on a Bruker zero background silicon (510) sample holder and analysed 
using Cu Kα radiation (λ = 1.54056 Å), 2-theta range 10-70o, step size 0.020o and step time 27s. d-













Figure 2. Fourier transform infrared spectra (FTIR) of (a) the synthetic jarosite, (b) residual solids 
from the acidic (pH 2) dissolution, (c) residual solids from the alkaline (pH 8) dissolution, and (d) 
synthetic goethite. The range was 400 – 4000 cm-1 wavenumbers with a resolution of 4 cm-1, five 






Figure 3. Scanning electron microscope (SEM) image of synthetic jarosite. Operating conditions 







Figure 4. Concentrations of Ktot, Fetot, and SO4tot in solution for (a) bottle 3 of the acid (pH 2) 

















Figure 6. Scanning electron micrograph (SEM) images of the residual solid from the alkali 
dissolution of jarosite. Image (a) is a general overview of the residual solid showing a fine 
crystalline coating.Image (b) is a high-resolution micrograph showing a few jarosite grains; a fine 




Figure 7 (a) X-Z axes cut through a rigid ion potential model of jarosite. The structure is composed 
of FeO6 octahdra bonded to sulphate tetrahedral, making a tetrahedral-octahedral-tetrahedral (T-O-





Figure 7. (b)High-resolution schematic diagram of the key T-O-T building blocks and the 12-fold 
coordinated A-site in the potassium jarosite structure. Specific atomistic structural positions are 




Figure 8. X-Z axis cuts of the face 1 termination of {012} group of faces of jarosite. The surface 
comprises neutral sub-layers with compositions [KFe(OH)4]0. Before relaxation (a) the surface is 
terminated by O3 oxygens of the hydroxyl group and K ions in the A-site. Face 1 experiences a 
degree of rotation of the T-O-T during surface relaxation (b). The resulting rotation upon relaxation 
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ALKALI (pH 8) DISSOLUTION 













































































































































































































Figure 9. Eh-pH diagrams for the acid (pH 2; a, b) and the alkali (pH 8; c, d) dissolutions of 
jarosite. Equilibrium aqueous activities were taken from bottle 2 for the pH 2 dissolution, and from 
bottle 1 for the alkali dissolution. (a) and (c) are Eh-pH diagrams in which all possible minerals are 
shown, and (b) and (d) are Eh-pH diagrams in which hematite and a series of other minerals (FeO, 





Table 1. Potential parameters for the model of the jarosite structure 
Two-body short range interaction 
Buckingham A/eV ρ/Å C/eV Å6 Reference 
K+ - O10.84- 987.570 0.3000 0.00 a 
K+ - O31.426- 1587.570 0.3000 0.00 a 
Fe3+ - O10.84- 3219.335 0.2641 0.00 b 
Fe3+ - O31.426- 3219.335 0.2641 0.00 b 
O10.84- - O10.84- 103585.02 0.2000 25.98 c 
O10.84- - O31.426- 103585.02 0.2000 25.98 c 
O31.426- - O31.426- 103585.02 0.2000 25.98 c 
     
Morse De/eV β/Å-1 r0/Å  
S1.36+ - O10.84- 5.0000 1.2000 1.4650 a 
O31.426- - H0.426+ 7.0525 2.1986 0.9685 d 
 
Three-body interaction k3/eV rad-2 θ/º   
O10.84- - S1.36+ - O10.84- 15.0 109.47  c 
The short range potential cut-off was set to 10 Å.  
a fitted from Allan et al. (1993) 
b fitted from Lewis and Catlow (1985) 
c Allan et al. (1993) 
d Saul et al. (1985) 
 
 
Table 2. Final pH and aqueous concentrations (mmol L-1) and molar ratios for the dissolution 
experiments. 
  Concentrations Molar ratios 
Compound Final 
pH 
K Fe SO4 K Fe SO4
pH 2 Dissolutions 
 
 












































Table 3. Calculated equilibrium activities. 
















pH 2 Dissolution 
 
 








































Table 4. Calculated saturation indices. 
Compound Saturation Indices (log Q/K)* 
pH 2 Dissolution 
 
pH 8 Dissolution 
 
Hematite 4.07-4.13 Goethite 1.55-1.58 Jarosite -1.99-(-1.88) 
 
Hematite 5.50-5.61 Goethite 2.27-2.32 Jarosite -2.81-(-2.70) Fe(OH)3 -2.85-(-2.80) 
 




Table 5. Residual solid concentrations (mmol L-1) and molar ratios for the dissolution experiments.  
 Concentrations Molar ratios 
Compound K Fe SO4 K Fe SO4
pH 2 Dissolutions 
 
 







































Table 6. Structural and experimental parameters of jarosite. Experimental parameters are from 
Menchetti and Sabelli (1976). 








K 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
S 0.00000 0.00000 0.30880 0.00000 0.00000 0.31719
Fe 0.00000 0.50000 0.50000 0.00000 0.50000 0.50000
O1 0.00000 0.00000 0.39360 0.00000 0.00000 0.40096
O2 0.22340 -0.22340 -0.05450 0.22181 0.77819 0.95187
O3 0.12680 -0.12680 0.13570 0.12474 0.87526 0.14073
H 0.16900 -0.16900 0.10600 0.18668 0.81332 0.11932
 
 
 
 
